sites of excitation varied across fibers. Relative spread was found to increase with decreasing MPI values, providing direct evidence that stochastic properties of The refractory characteristics of auditory nerve fibers limit their ability to accurately encode temporal inforfibers are altered under conditions of refractoriness.
INTRODUCTION
fibers. We applied a two-pulse forward-masking paradigm to a feline model of the human auditory nerve From the perspective of information transfer, the to assess refractory properties of single fibers. Each refractory property of nerve fibers is a source of distorfiber was driven to refractoriness by a single (masker) tion, reducing the signal bandwidth that can be current pulse delivered intracochlearly. Properties of encoded by spike timing and introducing a regularity firing efficiency, latency, jitter, spike amplitude, and in firing patterns not present in the stimulus. Physiolorelative spread (a measure of dynamic range and stogists have studied auditory nerve fiber refractory charchasticity) were examined by exciting fibers with a acteristics in order to more accurately interpret spike second (probe) pulse and systematically varying the firing patterns and understand acoustic-to-neural sigmasker-probe interval (MPI). Responses to monophanal transduction (e.g., Gray 1967). Refractory effects sic cathodic current pulses were analyzed. We estiare also relevant to studies of the electrically stimulated mated the mean absolute refractory period to be about auditory nerve. Many cochlear implant devices excite 330 s and the mean recovery time constant to be the auditory nerve by presenting amplitude-moduabout 410 s. A significant proportion of fibers (13 of lated pulse trains to intracochlear electrodes. Wilson 34) responded to the probe pulse with MPIs as short et al. (1994) showed that speech perception can be as 500 s. Spike amplitude decreased with decreasing improved when modulated pulse trains are presented MPI, a finding relevant to the development of compuat relatively high rates-rates sufficient to place nerve tational nerve-fiber models, interpretation of gross fibers in a refractory state. A better understanding of evoked potentials, and models of more central neural fiber response properties under refractory conditions processing. A small mean decrement in spike jitter was could assist in the development of more effective prosnoted at small MPI values. Some trends (such as spike thetic stimulation protocols. Knowledge of refractory latency-vs-MPI) varied across fibers, suggesting that properties is also needed to accurately model auditory nerve fiber physiology with computational techniques (Rubinstein 1995; Bruce et al. 1999; Mino et al. 2000) . response properties (i.e., latency and jitter) and spike amplitude are altered by refractoriness. Bruce et al. 1995; Rubinstein et al. , 1999 Litvak et al. 1999) .
To address these issues, we collected threshold data, (1999) have shown that the parametric values chosen to characterize refractoriness affect the ability of cominput-output functions, and temporal and amplitude measures from cat auditory nerve fibers. We stimulated putational models to explain experimental data.
the nerve with monophasic current pulses delivered by a monopolar intracochlear electrode, as we believe
Previous relevant research such stimulus delivery reduces the complexities of data interpretation inherent in studies using biphasic waveMost studies of the electrically stimulated auditory nerve have examined refractory threshold properties forms or bipolar stimulus electrodes. using a two-pulse masker-probe paradigm. Hartmann et al. (1984) reported data from a cat fiber, finding reduced excitability for masker-probe interval (MPI) values less than 5 ms. Dynes (1996) reported threshold-
METHODS
vs-MPI data for 8 fibers, confirming these findings. He also commented that the absolute refractory period was, minimally, about 500 s, and typically between 600
Experimental subject preparations and 700 s. Bruce et al. (1999) estimated an absolute refractory period of 700 s and a recovery time conCats free of middle-ear infection were anesthetized and used as acute preparations. Surgical and experistant of 1.3 ms. Cartee et al. (2000) obtained thresholdvs-MPI data for 25 single fibers and estimated a time mental protocols were approved by the University of Iowa Animal Care Unit and complied with NIH animalconstant of 0.7 ms. That value was derived by a fitted curve that did not include an absolute refractory use standards; details are described in Miller et al. (2001) . Single-fiber data were obtained from 37 units period, which may have biased the estimate upward. Analyses of the cat's electrically evoked compound of 7 cats. Prior to insertion of an intracochlear, monopolar, stimulating electrode, each subject was chemiaction potential (ECAP) have also been used to infer single-fiber refractory properties. They suggest that cally deafened to avoid the confounding effects of haircell-mediated responses. This was done using one of the relative refractory period is about 5 ms long and the absolute refractory period-at least for some two different techniques. In the first four preparations, the round window was partially excised with a 30-gauge fibers-is between 300 (Stypulkowski and van den Honert 1984; Miller et al. 2000) and 500 s (Brown needle to allow local infusion of ototoxin and insertion of a Pt/Ir ball electrode (0.5-0.7-mm diameter) which and Abbas 1990). In his study of antidromic compound action potentials, Brown (1994) reported data consiswas positioned with a manipulator (Miller et al. 1998) . In these preparations, deafening was accomplished by tent with those ECAP studies. In summary, although previous single-fiber studies have estimated recovery intracochlear infusion of a 10% (w/v) solution of neomycin sulfate through the round window defect, as time constants to be between 0.7 and 1.3 ms, there is reason to suspect that at least some fibers may described in Miller et al. (1998) . Histological and physiological assessments have shown this procedure to be recover faster.
effective in eliminating hair-cell function (LeakeJones et al. 1982) . In the remaining subjects (C55,
Goals and approach
C56, and C57), systemic chemical deafening was used, obviating the need to open the round window. In those A fuller characterization of refractory properties is needed to validate computational models that incorpocases, a cochleostomy was performed and a ball electrode (0.4-0.5-mm diameter) was inserted into the rate both stochastic and temporal properties of auditory nerve fibers. Input-output functions (i.e., plots scala tympani (to an approximate depth of 1.2 mm) for intracochlear stimulation. Kanamycin and ethacrynic of firing efficiency [FE] vs. level) have not been assessed at various MPI values. Furthermore, little is acid were administered systemically following the protocol of Xu et al. (1993) . Loss of acoustic sensitivity known about fiber temporal response properties and spike amplitude under refractory conditions. Dynes was confirmed in those animals by observing the elimination of a click-evoked compound action potential (1996) reported that across-fiber threshold variability was largest for the shortest MPI (2 ms) he investigated.
or auditory brainstem response. With our equipment, we were able to record evoked responses over a miniThis suggests that FE-vs-level functions and stochastic properties of fibers may vary with MPI. Other findings mum stimulus intensity range of 65 dB for normalhearing cats. Thus, losses of at least that magnitude indicate that fibers presumably stimulated to a state of refractoriness have altered stochastic properties that were induced in the preparations. None of the fibers from which we obtained data demonstrated spontanemay result in more faithful encoding of temporal details (Wilson et al. 1994 (Wilson et al. , 1997 ; Hartman and Klinke ous firing.
Stimulus presentation dB/decade) was used prior to the digital acquisition of 400 samples with 16-bit resolution. A sampling rate Stimuli were generated by custom software and a 12-of 100,000 sample/s was used for most MPI conditions; bit digital-to-analog converter (50,000 samples/s). The a slower (50,000) rate was used when assessing MPI converter, in turn, was connected to a capacitively couvalues greater than 2 ms. This was done to ensure that pled, optically isolated current source (10%-90% at least a 2-ms recording epoch (after probe onset) rise-fall time: 10 s), followed by a monopolar stimuwas recorded. All response waveforms were stored lating electrode positioned in the basal turn of the digitally for analysis after the conclusion of the scala tympani. A needle electrode in the forepaw experiment. served as the return electrode. Prior to recording single-fiber action potentials, ECAPs were recorded (Miller et al. 1998 ) to obtain an amplitude-level func-
Data analysis
tion and assess the overall sensitivity of the preparaAs stimulus artifacts were typically much larger in tion. To record single-fiber action potentials, a search amplitude than the neural spikes, a template-subtracstimulus was presented at a level sufficient to evoke tion technique (Miller et al. 1999a ) was used to elimian ECAP at least 75% of its maximum amplitude.
nate this contaminant almost completely and facilitate A forward-masking paradigm, consisting of a probe spike detection. An example of this technique is shown pulse preceded by a masking pulse, was used to put in Figure 1 for a fiber stimulated with masker and each measured fiber in a refractory state. Both the probe pulses separated by a short (0.6 ms) interval. masker and probe pulses were monophasic, rectangu-"Raw" response waveforms are shown superimposed lar current pulses of the same polarity separated by a for 100 repeated presentations (panel A). As was typimasker-probe interval. Once a fiber was encountered, cal in this study, the fiber produced an action potential we first determined its unmasked firing properties in response to each masker pulse (peaks labeled "b"). through a series of repeated stimuli presented at sev-
The fiber responded to only 66 of the probe pulses eral levels encompassing the fiber's dynamic range (as (traces labeled "c"). The remaining 34 probe presentadetermined by firing rate). For each stimulus level, tions ("d") failed to elicit a spike. These 34 waveforms 100 probe-alone stimuli were presented (with a 30-ms were averaged together to form a single template waveinterstimulus interval) to obtain firing probability and form (panel B) which was subtracted from the raw spike-timing statistics. After characterizing the waveforms to obtain the resultant waveforms (panel unmasked state, a masker-probe combination was pre-C). In the example of Figure 1 , the raw waveforms and sented, with the masker level chosen so that the fiber template contain a relatively large-amplitude ECAP responded to each masker pulse. Masked response response ("e," panel B). The template-subtraction properties were then assessed at several probe levels technique eliminates this contaminant as well as the (incremented in linear current steps) for several MPI stimulus artifacts. By applying the technique after data values ranging from 0.5 to 4 ms. Data for the MPI collection was completed, we were able to visually concondition of 1.0 ms was collected first, followed by firm the quality of the resultant waveforms in every data sets for 3-5 additional MPI values selected in case and carefully select an optimal spike-amplitude random order. Throughout data collection, the nerve criterion that reliably detected spike activity. Spike was stimulated with both cathodic masker-probe pairs detection was usually limited by insufficient spike and anodic masker-probe pairs presented sequentially amplitude, not by stimulus artifacts. in an interleaved fashion. The duration of time Custom analysis software was used to obtain several between presentations of each masker-probe pair was measures. Action potential amplitude was measured 30 ms.
from the spike peak to the subsequent minimum (i.e., the after-hyperpolarization). Latency was measured
Recording techniques
from the onset of the probe pulse to the spike peak. For each stimulus condition, mean latency was comOur preliminary recording of gross neural potentials employed an electrode (0.4-0.6-mm-diameter Pt/Ir puted from all the spike latencies obtained across the 100 stimulus presentations. Jitter was defined as the ball) positioned directly on the nerve trunk and used techniques described in Miller et al. (1998) . Standard standard deviation of spike latencies. Firing efficiency (FE) was computed as the percentage of stimuli that micropipette techniques were used to record singlefiber action potentials (Miller et al. 1999a) . Potentials evoked an action potential. Threshold () was defined as the stimulus level yielding an FE of 50% and was were amplified (20 or 40 dB gain) and low-pass-filtered (10-kHz cutoff, 40 dB/decade) by an Axoprobe headstypically computed using linear interpolation. Relative spread (RS) is a measure based on a fiber's FE-vs-level tage and amplifier (Axon Instruments, Union City, CA). Additional bandpass filtering (100-Hz Butterfunction that characterizes the fiber's dynamic range and hence its probabilistic nature (Verveen 1961). We worth high-pass, 40 dB/decade; 10-kHz low-pass, 40 corresponds to a dynamic range of about 1.5 dB (Miller et al. 1999a) .
Effects of refractoriness were evaluated by plotting threshold, mean latency, jitter, amplitude, and RS as functions of MPI. The first four of these five measures were computed for the 50% FE condition. For each fiber, the plot of threshold vs. MPI was fit to the decaying exponential function of Eq. (2):
where is the fiber threshold, MPI is the maskerprobe interval, SP is the single-pulse (unmasked) threshold, ARP is the absolute refractory period, and is the recovery time constant. The fit was performed using the Marquardt-Levenberg algorithm as implemented by Sigmaplot software (version 4; SPSS, Inc., Chicago, IL). All three parameters on the right side of Eq. (2) ( SP , ARP, and ) were allowed to vary during curve fitting but were constrained to positive values. A threshold recovery curve was computed for each fiber to provide a pool of estimates for and ARP.
RESULTS
Refractory recovery data were obtained from 37 fibers of 7 cats. Of those, 34 responded to cathodic pulses and 5 responded to anodic pulses at the stimulus levels examined. In 33 of the 37 fibers (89%), cathodic
FIG. 1.
Demonstration of the template-subtraction scheme for isothresholds were lower than anodic thresholds, consislating action potential waveforms. A. Potentials recorded in response to 100 presentations of cathodic masker and probe pulses using a tent with a strong bias of lower cathodic thresholds in masker-probe interval of 0.6 ms. Stimulus artifacts are denoted by cats (Miller et al. 1999a) . For this reason-and the fact the arrows labeled "a". Arrow "b" points to action potentials in that our anodic data set was very small-we focused response to the masker and "c" points to action potentials in response exclusively on the data obtained with cathodic stimuli.
to the probe. The traces in which the probe failed to elicit a spike ("d") were averaged together to obtain the template waveform (B). This template was then subtracted from each waveform of A to obtain Example data the resultant waveforms of C. In the example shown here, relatively high-level stimuli were used which elicited a large-amplitude comAnother example of response waveforms is shown in resulting from 100 repeated presentations of cathodic masker and probe pulses. This data set is particularly illustrative of refractory phenomena, since in 1 of the computed RS by first fitting the FE-vs-level function to 100 traces (labeled "spike failure" in panel A), the an integrated Gaussian curve by means of the probit fiber failed to respond to the masker. In that instance, transformation. RS was then defined by Eq. (1): the probe elicited an "unmasked" spike characterized by shorter latency and greater amplitude than the RS ϭ /
(1) "masked" spikes. Also, the "masked" spikes were somewhat wider than the "unmasked" spike. These effects where is the standard deviation of the Gaussian curve and is the fiber's threshold current level. In this are seen more readily in panel B of Figure 2 , where our template-subtraction method was applied to remove study, we multiplied the ratio of Eq. (1) by 100 to express RS as a percent value. Roughly speaking, RS most of the waveform contamination caused by the stimulus artifact. In these processed waveforms, the is inversely proportional to the slope of the FE-vs-level function. A completely deterministic FE-vs-level funcaction potentials to the masker pulse have also been subtracted out. tion (i.e., a step function) would have an RS of 0. We have found that the mean cat fiber has an RS of 6%-7%
In Figure 3 , the types of data sets obtained for each fiber are shown for two example fibers. In the left when stimulated with 40-s monophasic pulses, which condition. These three measures, along with RS and mean spike amplitude (at 50% FE) are plotted versus MPI in the graphs of the right column.
The effects of MPI on the measures from these two fibers warrants attention, as they were evident in other fibers. The threshold-vs-MPI functions of the two fibers of Figure 3 (right column) fit our model function [Eq.
(2)] quite well, as did most fibers (see "Group trends" section below). In both fibers, relative spread was greatest at the smallest MPI values and jitter decreased with decreasing MPI. The latency-vs-level functions of fiber C56-4-4 (left column, second panel) reveal a pattern seen in 16 of 34 (47%) fibers: increasing latencies with decreasing MPI values. Those functions also indicate reduced ranges of latencies with decreasing MPI. The trend toward longer latencies with smaller MPI values, however, was not consistently observed, as is evident in the data of fiber C46-3-4. In this case, response latencies were smaller for the shorter masker-probe intervals. This trend was observed in 7 (21%) of the 34 fibers. Constant or indeterminate latency-vs-MPI trends were seen in the remaining 11 fibers. Finally, the amplitude-vs-MPI data for the two fibers have relatively complex, nonmonotonic functions. This is due, in part, to amplitude variations that were likely caused by uncontrolled movement of the fiber relative to the electrode. Additional variation was caused by timerelated effects, which we address in the following section. Therefore, caution is needed in interpreting tial morphology. A. One hundred superimposed responses to presentations of a masker and probe stimulus. Action potentials can be seen in response to both stimuli. Two different responses to the probe are evident. In 99 of 100 cases, the probe response was preceded by an Assessment of time-related effects action potential to the masker pulse. In the one exception (labeled The amplitude-vs-MPI data of fiber C46-3-4 ( Fig. 3) "spike failure"), the masker failed to elicit an action potential. In that case, the response to the probe has shorter latency and larger demonstrate a trend often observed across fibers in amplitude. The amplitude differences between the "unmasked" and that spike amplitude tends to be smallest at the shortest the nonrandom order in which MPI was varied during data collection. For each fiber, we first collected data for the unmasked condition, then for the MPI ϭ 1.0 column, FE, mean latency, and jitter are plotted versus stimulus level with MPI as the parameter. Each of these ms condition, and then for other MPI values in randomized order. While collecting data from a fiber, three functions demonstrates trends that have been previously reported (Miller et al. 1999a ). The FE-vswe often observed reductions in spike amplitude over time. As we recorded the unmasked and MPI ϭ 1.0 level functions are well described by integrated Gaussian functions, while the latency and jitter funcms conditions first, amplitude measures (and perhaps other measures) collected at those MPIs may have been tions typically decrease with increasing stimulus level. From each of these plots, we derived measures of biased by order effects. This problem is suggested in the amplitude data for fiber C56-4-4 as well, where threshold, mean latency, and jitter for the 50% FE Ͼ  FIG. 3 . Examples of data obtained for all fibers of this study. Inputous MPI conditions in the order in which data were collected. Plots output plots of the left column show how firing efficiency, mean of the right column indicate how spike threshold, mean latency (at spike latency, and jitter varied with stimulus level and parametric 50% FE), jitter (at 50% FE), relative spread, and spike amplitude (at variation of masker-probe interval. The symbol legend lists the vari-50% FE) varied with MPI.
repeated measures were obtained for the unmasked (MPI ϭ 30 ms) condition (Fig. 3, right column) . To address this temporal order complication, we obtained repeated measures (typically for the unmasked stimulus condition) in 16 fibers. The five measures of threshold, mean latency (at 50% FE), jitter (at 50% FE), relative spread, and amplitude (at 50% FE) collected over repeated trials are plotted in the left column of Figure 4 . In these plots, the abscissa ("sequence number") represents the relative order in which the measures were taken. For these fibers, we typically collected a sequence of 8 sets of data, with a set defined as all data for a particular MPI. Inspection of the five plots of the left column reveals that, with the exception of amplitude, all measures failed to demonstrate consistent order effects. To explore this further, we normalized the data for each fiber by dividing each measure by that obtained in the first repeated measure (Fig. 4, right column) . A first-order regression line was then fit to each set of group data. Again, the amplitude measures reveal a large decrement over time. In contrast, the normalized changes in threshold were very small. To quantify the changes over time, we measured the vertical change of each regression line that occurred between the first and the eighth data sequence numbers. These changes are listed as percentages in each graph of the right column. As expected, the amplitude measures underwent the largest changes.
The disparate trends in the threshold and amplitude plots suggest that the order effects were primarily due to changes in either spike amplitude or recording conditions rather than changes in fiber sensitivity. Furthermore, although the latency, jitter, and RS measures revealed overall changes of 5%-10%, the across-fiber variability in these measures was comparable to or greater than the magnitude of the order effects. These stability measures suggest that amplitude data collected across time are subject to significant bias, as certain experimental conditions (i.e., the unmasked and MPI ϭ 1.0 ms conditions) were not collected in random order. Our subsequent data analyses were con- latency, jitter, RS, and amplitude) as assessed with repeated measures obtained from 16 fibers. In the left column, the five measures are plotted as a function of the "sequence number", or order in which the data were collected. For a typical fiber, data at each MPI value Group trends were collected in a sequence of 8 series. Repeated measures were Estimate of threshold recovery characteristics. A primary usually obtained under the no-masking condition. Order effects are more clearly seen in the plots of the right column, where, for each goal of our study was to quantify the relationship fiber and set of repeated measures, the data were normalized (by between threshold and MPI. We did so by fitting each division) to the value obtained at the first of the repeated measurefiber's threshold-vs-MPI data to the recovery function obtained from each fit. In doing so, we first excluded some fiber data. Across the 34 fibers, the mean variance explained by the fitted functions (i.e., r 2 ) was 0.892; 19 fibers had r 2 values of 0.95 or greater. We The ARP and data are shown as histograms in Figure  5 . From the pool of 20 fibers, the mean ARP was 332 s and the mean time constant was 411 s.
Another way of characterizing recovery is through an examination of the FE values that were attained by fibers at each MPI. We assume that, as MPI is reduced and approaches a fiber's absolute refractory period, firing efficiency will decrease and approach zero. A simple way of examining this issue is to plot the FE values produced by all fibers at each MPI, as is done for all 34 fibers in Figure 6 . Since we characterized several stimulus levels at each MPI. Therefore, each fiber contributed multiple data points at each MPI. Listed along the top of the figure are the numbers of fibers contributing data at each MPI. Not all fibers identified the relatively poor-fitting data sets (i.e., those with r 2 Ͻ 0.9) and excluded data from 10 fibers contributed to each MPI value because of variable time in "holding" a fiber and, in the case of short MPIs (500 that together had a mean r 2 value of 0.613. Of the remaining 24 fiber data sets, 4 produced fits to curves and 600 s), occasionally unfavorable spike-amplitudeto-noise ratios. Data are shown for all MPIs that yielded having ARP values of 0, meaning that the fitting algorithm constrained the ARP value. These 4 fibers data from at least 5 fibers. Also plotted is the mean FE vs. MPI (open circles), a trend that suggests that were eliminated from the group to avoid biasing the mean ARP estimate to a smaller value. The statistics FE may be limited to slightly lower values at the smallest MPI values. Nonetheless, these data indicate that fibers describing the curve-fitting results on the remaining 20 fibers are presented in Table 1 . Included are mean, are capable of responding over wide FE ranges, even at the smallest MPI evaluated. standard deviation, minimum, and maximum values for the threshold, ARP, and estimates, as well as the Other trends across fibers. In addition to estimating threshold-recovery parameters, we examined how the r 2 values and number of points used to fit each curve.
other measures varied with masker-probe interval. We pooled data from all 34 fibers and plotted threshold, mean latency, jitter, amplitude, and RS versus MPI, with the first 4 of these 5 measures again characterized for the 50% FE condition. To better discern acrossfiber trends, each fiber's measures were normalized to the value obtained in the unmasked state. The mean latency and jitter data were normalized by subtracting the unmasked values from each fiber's data. The threshold, amplitude, and RS measures were normalized by dividing each fiber's data by the unmasked values. Scatter plots of these normalized data are shown in Figure 7 , with open circles denoting mean values. Since each fiber did not contribute data at each MPI, these plots should not be used to infer specific functional relationships with the MPI variable. An estimation of an "average" threshold recovery function obtained by fitting a function would be biased. However, these data are valuable in discerning the degree of dependence of each measure on MPI. The scatter plots of Figure 7 have been fit to functions using the Marquardt-Levenberg algorithm. To describe trends as a function of MPI, we first attempted to fit each data set using hyperbolic, exponential, logarithmic, and rational series, i.e., "plausible" functions that followed a monotonic course and had a horizontal asymptote at large MPI values. If those functions failed to reveal a significant correlation, we expanded the set of functions to include nth-order polynomials. The specific form of each function is shown in each panel of Figure 7 , along with the variance (r 2 ) explained by each fit. In all but one scatter plot (latency vs. MPI), statistically significant functional relationships were found, as determined by the test for correlation between two variables (Bevington 1969). The results of these tests are shown in Table 2 . They indicate that, with the exception of spike latency, all singlefiber measures (threshold, jitter, RS, and amplitude) were dependent upon MPI.
As noted earlier, the order of data collection influenced spike-amplitude measures. We were thus concerned that the trends of Figure 7 may be biased, as the data were normalized to the values obtained in the unmasked condition, which was the first condition evaluated for each fiber. Therefore, we reanalyzed the For each of the measures, the data for each fiber was normalized to the value obtained under the no-masking condition. Each scatter plot was fit to a function (the form of which is listed in each panel) in order to assess whether each dependent variable was significantly correlated with MPI. These fits are also plotted, and the amount of variance accounted for by each fit (r 2 ) is listed in each panel. Open circles indicate mean values at specific MPIs. Tests were performed on the data shown in Fig. 7 . In all cases except the latency-vs-MPI data, highly significant correlations are indicated.
data by eliminating the unmasked data and normalizspike latencies for each fiber and MPI at firing efficiencies of 20% and 80% (this typically required interpolaing all data to that obtained for MPI ϭ 4000 s. Because the order of this MPI condition was selected tion of the latency-vs-FE functions). By doing so, we could express how latency varied over the dynamic randomly, it would not be subject to order bias. We also eliminated all amplitude data obtained at MPI ϭ range of a fiber as a function of MPI. These data are shown for all fibers in Figure 9 , along with a straight-1000 s, as that data could also produce an order effect. The results of these reduced data sets and curve line fit to the data. Both the individual-fiber data and the regression line demonstrate a decreasing range fits are shown in Figure 8 . Comparisons of the data and fitted curves of Figures 7 and 8 reveal relatively of mean latencies as MPI is decreased. A test of the significance of the correlation (Bevington 1969) indiminor changes in the trends. The most notable difference between the two analyses are evident in the RS cates that the latency range is correlated with MPI at a probability of error less than 0.001 (r ϭ 0.233, and amplitude data, which demonstrated the largest time-order effects (Fig. 4) . When normalized to the n ϭ 209). Effect of stimulus level on recovery rate. Finally, we con-MPI ϭ 4000-s data, the RS measures show a somewhat larger increase with decreasing MPI, while spike ampliducted a limited study of the effect of probe level on recovery rate by obtaining FE-vs-MPI functions at tudes demonstrate somewhat smaller decrements that are limited to a smaller range of MPI values. Given several probe levels, with masker level held constant across conditions. Data collected from one fiber are the large dependence of spike amplitude on order of data collection, the amplitude trends shown in Figure  shown in Figure 10A . Two trends are worth noting. First, the rate of recovery is clearly dependent on probe 8 are likely more representative than those of Figure  7 . With regard to the significance of each regression level, with faster recovery evident at higher probe levels. Note that, in this example, increases in probe level of Figure 8 , the elimination of the unmasked data did not appreciably change the level of statistical signifidecreased both the relative refractory period and the absolute refractory period. Second, the plots demoncance of any of the fitted curves. Table 3 presents results of the statistical tests performed on the data in strate that the shapes of threshold recovery functions depend upon the criterion used to define threshold. Figure 8 .
The group analysis of latency effects does not adeThroughout this study, threshold was defined as the stimulus level producing 50% FE. This choice is somequately describe single-fiber trends. From the scatter plots of Figures 7 and 8 , mean spike latency is apparwhat arbitrary and other criterion firing efficiencies could be chosen, which would affect the threshold ently independent of MPI; however, data from individual fibers indicate a more complex picture. Nearly recovery curves. This is illustrated in Figure 10B , where the data of panel A were interpolated and replotted half (47%) of our 34 fibers demonstrated a tendency toward increasing spike latency as MPI decreased as as threshold-recovery curves. Note that as the criterion is shifted to lower FE values, the recovery period is was clearly demonstrated by the waveforms of Figure  2 . In contrast, 7 (21%) of 34 fibers-including fiber reduced. These curves also suggest that both the absolute and the relative refractory periods are influenced C46-3-4 of Figure 3 -demonstrated reduced latency at small MPI values.
by the choice of threshold criterion. Another temporal effect of refractoriness is evident in the latency-vs-level plots of Figure 3 . It is apparent that the range of mean spike latencies that occurs across DISCUSSION levels decreases as MPI decreases. This trend is seen in both fibers of Figure 3 , even though they exhibit
The refractory recovery data presented here modify and extend our understanding of feline auditory nerve opposing trends in mean latency (measured at 50% FE) as a function of MPI. To further explore this comfiber physiology. On average, fibers appear to have shorter absolute refractory periods and recovery time pression of latency changes, we determined mean constants than previously reported. We also found that, at short MPI values, action potentials have reduced amplitudes and fibers have larger dynamic ranges (as assessed by relative spread). These and other findings are discussed below.
Threshold recovery
Compared with those of previous studies, our results indicate that cat auditory nerve fibers have a relatively short absolute refractory period (on average, 330 s) and that a significant number of fibers can respond at a masker-probe interval of 500 s. More than onethird of our sampled fibers responded at that interval and with only a modest mean decrease in firing efficiency (Fig. 6) . The data also suggest that fibers recover at a faster rate than previously reported. The average time constant of our fibers was 410 s, roughly 2-3 times faster than reported by Bruce et al. (1999) or Cartee et al. (2000) . Some of these discrepancies may be attributable to different model equations and assumptions used across the studies. Cartee et al. (2000) used the same recovery equation that we did [Eq. (2)], although they assumed an ARP of zero. That assumption could bias the time-constant estimate to a larger value. Bruce et al. (1999) used a different equation that constrained the maximum relative refractory threshold to 1.97 times that of the single-pulse threshold. Our data (Figs. 7 and 8) suggest that that upper limit is somewhat conservative. Our estimates may also differ from previous reports since they were based on measures obtained at a smaller minimum MPI than those of (Dynes (1996)) or (Cartee et al. (2000) ). We found that the accuracy of ARP estimates obtained with curve-fitting algorithms depends strongly upon the minimum MPI value for which data are available.
Electrically evoked gross-potential data from cats support our finding of relatively short, absolute refractory periods, at least in a subset of fibers. Brown and Abbas (1990) examined the recovery of the ECAP from forward masking and reported that a 500-s MPI typically produced maximum refractoriness. Some of their data (their Fig. 2) suggest that a smaller MPI may, in some cases, be more appropriately chosen as the ARP value. Stypulkowski and van den Honert (1984) were able to record diminished-amplitude ECAPs at a masker-probe interval of 500 s. They estimated single-fiber ARP to be 300 s, as the gross potential was Ͻ Fig. 7 , with data in this case normalized to the values obtained at an MPI ϭ 4000 s. In the case of the spike-amplitude data (bottom plot), the data at MPI ϭ 1000 s has been removed; thus, the curve fitted to that data is not biased by the order effect problem discussed in the text. Tests were conducted over the data sets of Fig. 8 , in which data collected for the unmasked condition were excluded. Also, amplitude data at the MPI ϭ 1-ms condition were excluded, as noted in the text. As in the cases shown in Table 2 , significant correlations were found in all but the scatter plot of latency-vs-MPI.
FIG. 8. Plots similar to those of

FIG. 9.
The effect of masker-probe interval on the difference in mean spike latencies measured at two FE values (20 and 80%). Data are shown for all 34 fibers, with different symbols denoting different fibers. The thick line indicates the first-order linear regression computed across all data.
abolished in their preparations at that interval. Miller et al. (2000) found a similar result. With single-fiber studies, the issue of adequate sampling across the nerve population is a significant concern. Assessments based upon the ECAP may be advantageous for esti- However, the characterization of single-fiber refractoold recovery curves using three different criterion FE values to define "threshold."
riness from ECAP measures is not straightforward. Estimates are complicated by the reductions in spike amplitude at small MPI values (Figs. 2 and 8) . Also, the ECAP will underestimate the desynchronized spike the probability density function of spike rate as a function of the time after a prior spike). Use of this techactivity that characterizes fibers responding at low firing efficiencies.
nique has shown that threshold recovery occurs not only over a relatively short period (about 2 ms), but Auditory nerve fiber recovery has also been assessed using acoustically sensitive cats. One approach assumes also over a long period on the order of 20-40 ms (Gray 1967; Lutkenhoner et al. 1980; Gaumond et al. 1982 ; that the absolute and the relative recovery periods can be derived from the timing of spontaneous spike Karamanos and Miller 1988; Li and Young 1993) . The slow component was not always evident, however, and activity (Gray 1967) . This approach relies on analysis of spike interval histograms and hazard functions (i.e., was typically of small magnitude. We studied only a limited range of MPIs and were unable to see evidence 1990; Cartee et al. 2000) . It may be that the result of multiple sources. First, analyses of individualslow component observed in the acoustic preparations fiber data revealed that almost half (47%) of the 34 arises from a depletion process occurring at or near fibers demonstrated a trend of increasing spike latency the synapse (Li and Young 1993).
as MPI was decreased. Such a trend is plausible from Karamanos and Miller (1988) reported that average the biophysical perspective of an axon recovering from firing rate influenced the shape of the hazard function refractoriness. Presumably fewer ionic channels are and, hence, the rate of recovery. Li and Young (1993) available during the relative refractory period, reducexamined this issue and found that the relative refracing the speed at which a second action potential could tory period was proportional to the mean spike interbe initiated and propagated. The remaining fibers val. A small recovery time constant (0.2 ms) was demonstrated either flat or increasing latency-vs-MPI needed to account for interval data characterized by functions. We speculate that these trends may be due low spike rates. The correlation of recovery rate and to a stimulus-level effect in which the action potential spike rate seems counterintuitive unless stimulus level initiation site shifts to a more central locus with increaseffects are considered. Since the spike rates reported ing current level. This central shift is apparently capaby Li and Young (1993) were correlated with the level ble of overcoming any spike-delaying effects that occur of their acoustic stimulus, they conjectured that stimuduring refractoriness. It is, therefore, likely that some lus level influenced fiber recovery rate. They also estiof the variability seen in the group analyses is due to mated ARP from the "dead time" of hazard functions heterogeneous modes of fiber excitation across the and obtained mean values ranging from 560 to 860 sampled fibers. This is not surprising given the varias. Unlike the case of their relative refractory period tions in fiber orientation, electrode-fiber distance, measures, however, they found no dependence of ARP and membrane properties. Our estimates of mean on mean spike interval. latency (at 50% FE) are also subject to statistical variaOur estimate of the recovery time constant agrees tion as each is based on only 50 measures of spike reasonably well with the smaller time constant that Li latency. Previous work in our lab (Miller et al. 1999a) and Young (1993) observed at high discharge rates.
indicates that, in response to a single pulse, the mean Our ARP estimate, however, is about one-half that of jitter at 50% FE is about 100 s. their estimate. The finding of Li and Young (1993) Related to this issue is our observation (Figs. 3 and that the recovery time constant was dependent on 9) that the range of mean latencies recorded over the spike rate led them to speculate that their refractory dynamic range of the fiber decreases as MPI decreases. function r(t) was dependent on the rate of neurotransThus, while in the average across all fibers, mean mitter vesicle release at the hair-cell synapse. It may latency was not dependent on MPI, the range of latencalso depend on stimulus level, as our level-dependent ies produced over a uniform range of FE was depenrecovery rates (Fig. 10) suggest. dent on MPI. The reduced range of latencies is a more It is not surprising that our findings vary from those uniform and robust phenomenon than are the trends obtained using undeafened animal preparations, in mean latency measured at 50% FE. We speculate where different excitation mechanisms are involved.
that the range reduction may be a result of systematic In the case of acoustic stimulation, the transduction change in the site of action potential initiation with process occurring at the postsynaptic region must be MPI. Because of interaction with stimulus level, excitaconsidered. While it could be argued that electrical tion at short MPIs may occur at a more remote site stimulation provides a "purer" means of assessing relative to the stimulus electrode. If we assume that refractory properties per se, it should be noted that the gradient of stimulus field diminishes with distance, stimulus-related effects also evidently influence refracone would predict smaller central shifts in the excitatory measures obtained with electrical stimulation.
tion site with increasing level. Also, as it is likely that electrical stimulation depolarizes
As in the case of spike latency, we might suspect fibers at the axon (at least in some cases), characterizathat jitter would increase as MPI was decreased because tion of refractory properties with that stimulus will be of a "noisier" fiber during the period of refractory descriptive of axonal properties but will be less sensirecovery. However, our data (Figs. 7 and 8) do not tive to the physiology of the postsynaptic terminal region.
support that notion: A trend toward less jitter with smaller MPI is evident. We speculate that effects are difficult to address with our experimental preparation. Highly accurate biophysical computational modrelated to stimulus level may again contribute to the els may help resolve this issue. observed jitter reductions. In some fibers, we noted reduced mean spike latencies at small MPI values that were, presumably, due to stimulus level effects. MigraStochastic response behavior tion of the spike initiation site toward more central
The measure of relative spread reflects the probabilislocations could result in jitter reductions in two ways.
tic nature of action potential generation (Verveen First, the initiation site could move to a more central 1961) which has been described in studies of the elecsite having biophysical properties favorable to lower trically stimulated cat auditory nerve (van den Honert jitter (i.e., larger axonal diameter, greater myelinaand Stypulkowski 1984; Javel et al. 1987; Dynes 1996; tion) . Such peripheral-to-central gradients in anatomiMiller et al. 1999a; Javel and Shepherd 2000) . (Fig. 4) , the trends preof stimulus pulses. They noted reduced amplitude sented in the plot of Figure 8 are probably more relialternation when pulse trains were presented with an able than those of Figure 7 . The Figure 8 data indicate electrical noise and assumed that reduced alternation that spike amplitude at a 500-s MPI is typically was due to increased neural stochasticity. reduced by about 40% of that recorded at an MPI ϭ
The second approach to decreasing the determinis-4 ms. Consideration should be given to this effect if tic response of nerve fibers is based on using high accurate interpretations of gross evoked potentials are rates of pulsatile stimulation to place nerve fibers in desired. Reduced-amplitude responses are likely the a mode of responding with greater stochasticity. Repetresult of a combination of some fibers becoming unreitive stimuli presented at sufficiently high rates could sponsive and others having reduced spike amplitudes.
presumably cause fibers to operate in a state of relative Therefore, smaller gross potentials at small MPIs will refractoriness, which could result in greater jitter and/ not simply reflect some fibers becoming absolutely or threshold uncertainty. Wilson et al. (1997) recorded refractory. Smaller spikes may also have implications ECAPs from an implant patient and noted that the for central processing, since they could result in neural representation of stimulus pulse trains (as weaker excitation of the cochlear nucleus and assessed by ECAP amplitudes) was enhanced at higher ascending sites. Finally, it is possible that smaller spike pulse rates. Perceptual performance was also amplitudes could result in a higher probability of conenhanced in their patient through the use of high-rate duction failure. If, at short MPIs, significant conducpulse trains. Using pulse-train stimulation, Matsuoka tion failures result from reduced spike amplitudes, et al. (2000) noted a change in the slope of ECAP then our single-fiber measures may overestimate the amplitude-level functions at specific interpulse interfiring efficiencies at the output of the fibers. If that is vals. They speculated that those changes were a result the case, our estimates of the ARP and the recovery of underlying increases in single-fiber RS caused by time constant would be functionally too small. We do the repetitive stimuli. not know the degree to which such spike failure or Enhanced stochastic response properties have been inferred mainly through analyses of gross potential amplitude recovery occurs in the nerve and such issues amplitudes; however, the extent to which stochastic artifact produced by the masker and probe stimuli made it impossible, in a few cases, to detect the behavior is altered on a fiber-by-fiber basis has yet to be determined. Using a computational model of the reduced-amplitude spikes. Although we reported threshold data for 13 of 34 fibers at an MPI ϭ 500 biophysics of an auditory nerve fiber, Rubinstein et al. (1999) demonstrated that modeled fibers conditioned s, we could discern the presence of spikes (but not reliably analyze them) in at least three other fibers. with high-rate (5000 pps) pulse trains exhibited enhanced stochastic response properties. Also, RubinOur examination of mean FE at each MPI (Fig. 6 ) suggests that the 13 fibers responding at 500-s MPI stein et al. (1997) presented model results indicating that fibers have greater relative spread when in a relacould, on average, respond with a wide range of firing efficiencies. Also, it is important to note that our tive refractory state. Actual single-fiber data are limited, in part, by the technical difficulties of recording threshold criterion of 50% FE could be considered rather stringent. A thorough examination of the effect spikes at high rates of electrical stimulation. Using pulse-train stimuli, Javel (1990) showed that the mean of threshold criterion on recovery parameters would be a useful future study. It is not clear what firing firing probability (computed over the duration of the pulse train) of a fiber decreased as the pulse rate was efficiency is most salient to the perception of electrical stimuli by a human cochlear implant patient. A paraincreased from 100 to 800 pps. This result is consistent with the notion that fibers become partially refractory metric evaluation of recovery functions may assist efforts in relating data from animal experiments to with repeated stimulation, although reduced mean probability could have been due to other processes human perceptual data. We stimulated fibers with a monopolar intracoch-(e.g., long-term adaptation). In a limited investigation, Hartmann and Klinke (1995) reported reduced synlear electrode. Stimulus electrode configuration (e.g., monopolar, bipolar, etc.) and electrode position influchrony in a fiber stimulated with high-rate pulse trains. Litvak et al. (1999) analyzed the spike interval histoence how fiber membranes are depolarized. Bipolar stimulation may produce patterns of membrane depograms of cat auditory nerve fibers to determine if electrical pulse trains could induce spontaneous-like larization that vary significantly from one fiber to another as a function of the orientation of the fiber firing patterns. Stimulating fibers at pulse rates ranging from 1200 to 24000 pps, they recorded spontaneand the bipolar electrodes. For this reason, we chose monopolar stimulation to reduce the degree of spatial ous-like interval histograms at relatively low pulse rates (1200 pps).
variations in the electric fields produced by the stimulating electrode. We also employed monophasic stimDynes (1996) reported that across-fiber threshold variability increased as MPI decreased. We also uli to avoid complications that may occur from the interaction of two stimulus phases. We believe that the observed greater variability at the smallest MPI values (Figs. 7 and 8 ). These observations are consistent with use of this relatively simple stimulus delivery improves our ability to interpret findings and make them applithe notion that the degree of stochasticity in singlefiber responses increases during the relative refractory cable to a relatively large number of cases. However, alternate modes of exciting fibers may produce excitaperiod. Our relative spread data provide direct evidence that mammalian auditory nerve fibers in a relation patterns that differ from those produced in this study. tive refractory state have increased stochastic response properties. At the shortest MPI tested (500 s), mean Our results provide a description of mean refractory properties of the fibers encountered in our preparafiber RS increased almost twofold over the mean RS value obtained at a 4000-s MPI. Relatively larger RS tions. Our group analyses (Figs. 7 and 8) indicate significant across-fiber variation in recovery properties. values were also observed at MPI values of 600 and 750 s. We note that this degree of RS increase is While some variations are likely due to limitations of our data sampling, some may be inherent to the animal much smaller than that predicted by Matsuoka et al. 2001 ) with a computational model. It is yet to be model. Anatomical surveys of cat fibers reveal that fiber diameters are distributed across a roughly twofold determined how a twofold increase in RS would change the aggregate neural representation of electrirange (Arnesen and Osen 1978; Liberman and Oliver 1984) . A range of diameters could presumably result cal signals. Presumably, increased RS would result in better representations because of higher levels of stoin a range of fiber recovery rates, as restorative local circuit currents are dependent on axonal resistance chastic activity.
and, hence, fiber diameter (Kandel et al. 2000) . It is also likely that some response properties-in particuPossible limitations of this study lar, threshold-will vary significantly as a function of the location of the fiber relative to the stimulating Our ability to characterize ARP and was constrained to some degree by technical and methodological limielectrode. A relatively small number of fibers with close passage to the electrode may have markedly lower tations. At very short MPIs (500-600 s), the recorded
